PURPOSE. Heparanase and VEGF are related closely to angiogenesis in cancer. The purpose of our study was to evaluate the expression and correlation of heparanase and VEGF in hypoxia-induced retinal neovascularization.
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METHODS. C57BL/6 oxygen-induced retinopathy (OIR) mice and human retinal microvascular endothelial cells (HRECs) were treated with the hypoxia mimetic agent cobalt chloride (CoCl 2 ), and in the presence of the heparanase inhibitor phosphomannopentaose sulfate (Muparfostat, PI-88). Heparanase activity was assayed in HRECs, and the expression of heparanase, VEGF protein and mRNA were evaluated by immunofluorescence, ELISA, Western blot, and real-time PCR while retinal flat mounts were used to evaluate the area of neovascularization of mice retina.
RESULTS. HREC heparanase activity was increased by treatment with CoCl 2 , but was decreased by PI-88. Immunofluorescence showed that heparanase and VEGF staining was intense in hypoxia-treated HRECs and OIR mice retina, while VEGF staining was faint in the normoxia and PI-88-treated ones. Western blot and real-time PCR results indicated that the expression of heparanase and VEGF was increased under hypoxic conditions, and the increase of VEGF was inhibited by PI-88. Retinal flat mounts showed that the area of new vessels in retina of OIR mice was increased compared to the normoxic mice, and this effect was inhibited by PI-88.
CONCLUSIONS.
Heparanase is upregulated and associated with the VEGF expression in hypoxia-induced retinal diseases. Heparanase is involved in hypoxia-induced neovascularization through promoting VEGF expression and may be a new therapeutic target for hypoxia-induced neovascularization retinal diseases. (Invest Ophthalmol Vis Sci. 2012;53:6810-6817) DOI:10.1167/iovs.11-9144 R etinopathy of prematurity (ROP) is a leading cause of childhood blindness over the world, characterized by retinal hypoxia-ischemia and neovascularization.
1,2 VEGF, which can be upregulated by hypoxia and ischemia, 3, 4 is one of the most significant factors involved in retinal diseases associated with pathologic angiogenesis, including ROP. 5, 6 Logically, anti-VEGF therapy has been used in ROP patients and shown beneficial short-term effects. 7, 8 However, it has been shown that direct inhibition of VEGF cannot completely prevent the formation of new vessels and anti-VEGF therapy requires long-term, repeated administration to decrease the continuous generated VEGF. 9 Therefore, it is necessary to find a way to inhibit the VEGF protein production for better control of neovascularization.
A very important step in the process of neovascularization is to change the integrity of the extracellular matrix (ECM) and subendothelial basement membrane (BM). Heparanase is an endo-b-glucuronidase that specifically cleaves heparan sulfate (HS) side chains of HS proteoglycans (HSPGs), which are essential components of the cell surface and ECM that provide structural integrity. 10 Thus, heparanase is involved directly in angiogenesis by degrading HS chains. Degradation of HS side chains also releases HS-bound angiogenic growth factors, including FGF-2 and VEGF, and HS fragments, which promote angiogenic growth factor activity. 11 It is known that cells are exposed to hypoxic environment in solid tumors. 12 Heparanase activity is upregulated by hypoxia in many tumor cells and overexpression of heparanase correlates with increased VEGF protein and mRNA levels, and increased tumor vascularity. [13] [14] [15] These studies suggested a correlation between heparanase and hypoxia-induced neovascularization in tumors. Therefore, a similar mechanism was hypothesized in which heparanase regulates VEGF mRNA and protein levels, and promotes neovascularization in ROP. In our study, as an initial step toward understanding the pathophysiologic conditions of ROP, we examined the regulation of heparanase and VEGF expression in retina under normoxic, hypoxic, and hypoxia mimic conditions, and the effect of the heparanase inhibitor, phosphomannopentaose sulfate (Muparfostat, PI-88), on the VEGF expression in vitro and in vivo.
MATERIALS AND METHODS

Human Retinal Microvascular Endothelial Cell Culture and Treatment
Human eyes were obtained from the Eye Bank of Zhongshan Ophthalmic Center of Sun Yat-sen University (Guangzhou, China), within 20 hours postmortem. Donors of all these eyes were healthy accident victims. All human materials were in compliance with the World Medical Association Declaration of Helsinki ethical principles for medical research. The procedures were as described previously. 16 Briefly, retinal tissues were isolated from eyes, and digested with 2% trypsogen and 0.1% collagenase I (Sigma Chemical Co., St. Louis, MO.) for 20 minutes at 378C, then subjected to centrifugation (1000g for 10 minutes). The pellet was resuspended in human endothelial serum-free medium (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS) and 5 ng/mL b-endothelial cell growth factor (b-ECGF, Sigma), plated into a 21.5 mm 2 culture dish precoated with 5 mg/mL fibronectin (Gibco), and then incubated at 378C with 5% CO 2 . Human retinal microvascular endothelial cells (HRECs) were identified by positive staining with anti-VIII factor antibody (Biosynthesis Biotechnology Co., Beijing, China). Only cells at passages 3 to 5 were used for the experiments.
HRECs were incubated with normal medium (normal group), 100 lM cobalt chloride (CoCl 2 group), or 100 lM CoCl 2 combined with 5 lg/mL heparanase inhibitor PI-88 (PI-88 group; Progen Pharmaceuticals Limited, Brisbane, Australia) for 24 hours. 17 PI-88 was dissolved in sterile PBS, pH 7.4. 18 For experimental control, HRECs were grown in normal medium containing PBS.
Mouse Model of Oxygen-Induced Retinopathy and Treatment
Experiments were performed on C57BL/6 mice (Laboratory Animal Center of Zhongshan Ophthalmic Center, Sun Yat-sen University) of both sexes at postnatal day (PD) 17. All experiments were in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and were approved by the Animal Care Committee of Sun Yat-sen University. The reproducible murine model of oxygen-induced retinopathy (OIR) has been described previously. 19 Briefly, mice pups with their nursing mothers were exposed to room air between PD 1 and PD 17, using as normal controls (Group 1: normal mice). Mice of the same strain and the same age were exposed to 75% 6 2% oxygen between PD 7 and PD 12, and then returned to room air for 5 days (Group 2: OIR mice). OIR mice FIGURE 1. Heparanase activity, heparanase and VEGF protein levels in CoCl 2 -treated HRECs. HRECs were cultured in normal media (control), or treated with CoCl 2 , CoCl 2 þ PI-88, and CoCl 2 þ PBS for 24 hours. A heparan sulfate degrading enzyme assay kit was used to determine heparanase activity (A). Western blot analysis was performed to detect heparanase (B) and VEGF (C) protein levels. An ELISA was performed on HRECs treated with CoCl 2 , or CoCl 2 þ PI-88, and CoCl 2 þ PBS (D). Data represent the mean 6 SD of three experiments. *P < 0.05 versus control. †P < 0.05 versus CoCl 2 or PBS.
were injected intraperitoneally with PI-88 at a dose of 25 mg/kg/day for 5 days from PD 12 to PD 16 (Group 3: OIR mice þ PI-88). A vehicle group received sterile PBS alone from PD 12 to PD 16 (Group 4: OIR mice þ PBS). 20, 21 Animals were anesthetized with intraperitoneal injection of 10% chloral hydrate at a dose of 3 mL/kg (Zhongshan Ophthalmic Center) and then the retinas were isolated after eyes were enucleated.
Enzyme-Linked Immunosorbent Assay (ELISA)
The culture medium of HRECs of each group was centrifuged at 9000 rpm for 30 minutes at 48C, and the supernatant was collected. The levels of VEGF secreted by HRECs were evaluated using an ELISA kit (R&D Systems, Inc., Minneapolis, MN) according to the manufacturer's instructions. Absorbance at 450 nm was measured by a microplate reader (Bio-Rad, Hercules, CA). The concentration of VEGF in the culture medium was normalized against the number of cells in each culture and expressed as pg/10 5 cells.
Heparanase Activity Assays
HRECs from each group were dissolved in the lysis buffer containing 0.5% triton X-100 and protease inhibitors, and then their activity was assayed using the Heparan Degrading Enzyme Assay Kit (Takara Bio, Inc., Shiga, Japan) according to the manufacturer's instruction. Briefly, samples were diluted in assay buffer and incubated at 378C for 2 hours under shaking, then incubated in 1 mg/mL streptavidin-peroxidase solution at 378C for 30 minutes (100 lL /well). Finally, the samples were treated with tetramethylbenzidine for 5 minutes at 378C. Optical density was read at 450 nm. Results were expressed in mU/lg of cell protein. All washes were performed in PBS containing 0.1% Tween 20.
Immunofluorescence
HRECs were seeded on glass coverslips precoated with 5 mg/mL fibronectin (Gibco) and allowed to grow to semi-confluent in a culture dish. Cells were washed with PBS 3 times and fixed in fresh 4% paraformaldehyde (PFA, pH 7-8) for 10 minutes at room temperature. Next, HRECs were permeabilized in 0.1% Triton X-100 (Sigma) for 5 minutes and blocked with 1% BSA (Sigma) in PBS containing 0.1% Tween 20 (blocking solution) for 60 minutes at room temperature. The cells then were incubated with rabbit anti-human heparanase antibody (1:300 dilution; Abcam, Cambridge, MA) and mouse anti-human VEGF antibody (1:200 dilution; Abcam) overnight at 48C, followed by incubation with appropriate secondary antibody conjugated with Alexa Fluor 488 and Alexa Fluor 555 (1:200 dilution; Boster Biological Technology, Ltd., Wuhan, China) for 2 hours at room temperature. The cells were stained with 100 ng/mL of 4 0 ,6-diamidino-2-phenylindole (DAPI; Sigma) for 5 minutes, and mounted with an anti-fading fluorescence medium (Vector Laboratories, Burlingame, CA) and then imaged using laser scanning confocal microscope.
Western Blot Analysis
HRECs and the retinas of normal/OIR mice were harvested and lysed in 100 lL lysis buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 0.5% Triton X-100, and protease inhibitors cocktail (Sigma). The cells then were centrifuged at 9000 rpm at 48C for 30 minutes. The supernatant then was collected and mixed with 2 3 sample loading buffer to prepare samples. The total protein from each sample was analyzed by SDS-PAGE using a 10% Tris-glycine gel (Invitrogen, Paisley, UK) and transferred onto a polyvinylidene difluoride membrane (BioRad) at 250 mA for 90 minutes. Each membrane was blocked with 5% skim milk in Tris-buffered saline containing 0.5% Tween 20 for 1 hour at room temperature and incubated with polyclonal rabbit anti-human/ mouse heparanase antibody (1:300 dilution; Abcam) or polyclonal mouse anti-human/mouse VEGF antibody (1:500 dilution; Abcam) at 48C overnight, followed by incubation with horseradish peroxidaseconjugated secondary antibody for 2 hours at room temperature. Membranes were reprobed with b-actin (1:1000 dilution; Sigma) to confirm equal loading. Finally, the blots were developed with a 
Retinal Frozen Section Immunofluorescence
Eyes were enucleated after mice were anesthetized deeply with intraperitoneal injection of 10% chloral hydrate (3 mL/kg). Globes then were embedded in optimal cutting temperature compound (OCT), sectioned at 6 lm, and mounted. The flat mounted sections then were fixed with chilled fresh acetone for 10 minutes, permeabilized in 0.1% Triton X-100 in PBS for 5 minutes, and then blocked with 5% BSA in PBS for 1 hour at room temperature. Retinal sections then were incubated with primary antibodies overnight at 48C, followed by 1 hour of incubation with secondary antibodies and 5 minutes of incubation with DAPI. Finally, image acquisition was conducted with a laser scanning confocal microscope.
Flat Mounts of High Molecular Weight FITCDextran Perfused Retina
Mice were anesthetized deeply by intraperitoneal injection of 10% chloral hydrate (3 mL/kg) and sacrificed by intracardiac perfusion with 1 mL of 50 mg/mL FITC-dextran (molecular weight 2,000,000; Sigma). Then eyes were enucleated and fixed in 4% paraformaldehyde for 1 hour at room temperature. Retinas were dissected and flat mounted on slides with anti-fading fluorescence medium. Images of each of 4 quadrants of the retina were taken at 35 magnifications on a fluorescence microscope (Axiovert100; Zeiss, Inc., Germany) and imported into Adobe Photoshop software to merge an image of the entire retina. Quantitative analysis was performed by measuring the area of retinal neovascularization using Image-Pro Plus (Version 5.1.2.59). We selected the neovascularization region of the retina in the 35 magnification (shown in red line circle), measured the area of the circle according to the magnification matched scale. At least three retinas were selected from each group for measurement and statistical analysis.
RNA Extraction and Real-Time PCR Analysis
Total RNA was extracted from HRECs/mice retinas with TRIzol reagent (Takara Bio, Inc.) and subsequently reverse transcribed into cDNA using PrimeScript RT reagent Kit (Takara Bio, Inc.) according to the manufacturer's instructions. Real-time PCR was performed using the SYBR Premix Ex Taq Kit (Takara Bio, Inc.) in a 20 lL reaction volume containing 10 lL SYBR Premix Ex Taq, 0.4 lL each of specific primer, 0.4 lL ROX Reference Dye, 2 lL cDNA, and 6.8 lL RNase free dH 2 O. Samples were run in duplicates in 96-well plates (Bio-Rad) with heparanase specific primers (forward, CAAGAACAGCACCTACTCAAG; reverse, AGCAGTAGTCAAGGAGAAGC), VEGF specific primers (forward, ATCTT CAAGCCGTCCTGTGT; reverse, GCATTCACATCTGCTGTGCT), and bactin primers (forward, TCTACAATGAGCTGCGTGTG; reverse, GCAA CATAGCACAGCTTCTC). The comparative CT method (44CT) was used for relative quantification. 
Statistical Analysis
Data were analyzed and graphs were generated using Prism (version 4.0, GraphPad software). Statistical significance was analyzed by performing one-way ANOVA or Student's t-test. P values < 0.05 were considered to be statistically significant.
RESULTS
Effect of the Hypoxia Mimetic Agent CoCl 2 on Heparanase Activity and Expression of Heparanase and VEGF in HRECs
To characterize the effect of the hypoxia mimetic agent CoCl 2 on HREC heparanase enzymatic activity, HRECs were incubated with 100 lM CoCl 2 for 24 hours. Heparanase activity was increased 2.95-fold compared to the control ones (untreated HRECs, P ¼ 0.019 < 0.05, Fig. 1A ). The increased activity was partially decreased (1.32-fold) in CoCl 2 -treated cells in the presence of 5 lg/mL PI-88 (P ¼ 0.036 < 0.05, Fig. 1A) .
To investigate the effect of CoCl 2 on the expression of heparanase and VEGF in HRECs, we performed ELISA for VEGF, and immunofluorescence, real-time PCR, and Western blot analysis for heparanase and VEGF. In initial experiments, we confirmed the expression of heparanase and VEGF in HRECs by immunoblot analysis (Figs. 1B, 1C) . Immunoblot analysis of HERCs that were untreated (control), or treated with CoCl 2 (100 lM) for 24 hours (CoCl 2 ), with CoCl 2 and PI-88 (5 lg/mL) for 24 hours (CoCl 2 þ PI-88), and with CoCl 2 and PBS (CoCl 2 þ PBS), revealed that CoCl 2 treatment resulted in a substantial increase in heparanase and VEGF proteins. HRECs heparanase and VEGF protein levels were increased by 1.55-fold and 2.38- 1D ). Immunofluorescence staining showed positive staining for heparanase and VEGF in the HRECs after treatment with CoCl 2 for 24 hours (Fig. 2) . Only faint staining for VEGF was detected in CoCl 2 -treated cells following PI-88 co-treatment. No VEGF staining was observed in control cells. Interestingly, enhanced VEGF staining was found to be localized in the cytoplasm and nucleus. Real-time PCR result (Fig. 3 ) also showed that, compared to control cells, heparanase mRNA of CoCl 2 -treated cells was increased (5.73 6 0.53 vs. 2.25 6 0.28, P ¼ 0.003 < 0.05, Fig. 3A) , as well as VEGF mRNA (1.20 6 0.02 vs. 0.36 6 0.07, P ¼ 0.001 < 0.05, Fig. 3B) . Meanwhile, as shown in Figure 3B , VEGF mRNA levels were decreased in cells treated with PI-88 (0.69 6 0.07 vs. 1.20 6 0.02, P ¼ 0.008 < 0.05, Fig. 3B ) but not PBS (P ¼ 0.264 > 0.05).
Induction of Neovascularization in OIR Mice Retina
The above study has demonstrated that heparanase is upregulated and associated with VEGF expression in hypoxiainduced HRECs in vitro. To investigate further the neovascularization induced by hypoxia in vivo, we performed retinal flat mounts with high molecular weight FITC-dextran in OIR mice. A large amount of new retinal vessels, which noticeably were absent in control mice, were observed in PD17 OIR mice (549,222.60 6 212,484.34 lm 2 vs. 0.00 6 0.00 lm 2 , P ¼ 0.046 < 0.05). The number of new vessels was decreased by 2.21-fold following intraperitoneal injection of PI-88 at a dose of 25 mg/kg/day for 5 days (248,314.20 6 129,211.55 lm 2 vs. 549,222.60 6 212,484.34 lm 2 , P ¼ 0.049< 0.05, Fig. 4 ).
Increased Expression of Heparanase and VEGF in OIR Mouse Retinas
To determine whether heparanase and VEGF expression was increased at the protein level in the retina in vivo, retinal frozen section and immunofluorescence were performed in OIR mice. As shown in Figure 5 , staining of heparanase (Fig.  5F ) and VEGF (Fig. 5G ) in the ganglion cell layer, inner plexiform layer, and outer plexiform layer in OIR mice was more intense than for mice raised under normal conditions. Heparanase and VEGF staining was observed in the ganglion cell layer, where retinal new vessels mainly were distributed and protruded into the vitreous cavity. The VEGF signal was faint (Fig. 5K) when the OIR mice were treated with PI-88 for 5 days, revealing the inhibitory effect of PI-88 on the VEGF expression.
The expression of heparanase and VEGF in the retina of OIR mice was further analyzed quantitatively with real-time PCR. Compared to control retinas, relative hypoxia-induced by 5 days of normoxia after hyperoxia increased the amount of heparanase mRNA by 2.03-fold (4.26 6 1.36 vs. 2.10 6 0.14, P ¼ 0.023 < 0.05, Fig. 6A 
DISCUSSION
ROP is a leading cause of childhood blindness, and is characterized by retinal hypoxia-ischemia and neovascularization.
1,2 Despite many reports documenting retinal neovascularization, the mechanism involved in angiogenesis in retina remains to be elucidated. Angiogenesis is a complex multifactorial and multi-mechanism process. 22, 23 Many causes, including hypoxia, hyperglycemia, and ischemia, can lead to retinal neovascularization. 3, 4 VEGF, which has been shown to be upregulated by hypoxia and ischemia, is one of the most significant factors involved in retinal diseases associated with pathologic angiogenesis, including ROP. [3] [4] [5] [6] Heparanase, an endo-b-glucuronidase that specifically cleaves HS, is another important molecule that facilitates angiogensis. 11 By degrading HS side chains, heparanase promotes endothelial cell migration and the release of HS-bound angiogenic growth factors, including FGF-2 and VEGF, thereby facilitating angiogenesis in tumors. 24 Meanwhile, the release of HS fragments promotes angiogenic growth factor activity, further enhancing angiogenesis. Here, we provide evidence that heparanase is involved in retinal angiogenesis via an alternative mechanism, in which heparanase regulates VEGF expression in vitro and in vivo under hypoxic and hypoxia mimic conditions.
In our study, we confirmed that heparanase activity was increased in HRECs treated with the hypoxia mimic CoCl 2 . This suggests that hypoxia could increase the activity of heparanase. Similarly, we have shown in vitro, using Western blot, ELISA, and immunofluorescence approaches, that heparanase and VEGF protein levels were increased in HRECs treated with CoCl 2 . The increase of VEGF protein level was inhibited when HRECs were treated with heparanase inhibitor PI-88. 25 This suggests that heparanase may be involved in the FIGURE 6. Heparanase and VEGF mRNA levels in the retina of OIR mice. OIR mice were untreated (OIR) or treated with PI-88 (OIR þ PI-88) or PBS vehicle (OIR þ PBS). Normal mice were used as control. Real-time quantitative PCR was performed to show that expression of heparanase (A) and VEGF (B) was increased in the OIR mice compared to that in the control ones, and VEGF expression was decreased significantly in the OIR þ PI-88 group, but not in the OIR þ PBS group. *P < 0.05 versus control. †P < 0.05 versus OIR or OIR þ PBS. ‡P > 0.05 versus OIR. regulation of VEGF expression. Our subsequent in vivo experiments showed that heparanase, VEGF protein, and mRNA levels were increased simultaneously in the retina of OIR mice under hypoxic condition, and this increase was associated with the retinal neovascularization. The increase of VEGF protein and mRNA level was reduced by PI-88, which also was observed in vitro, confirming that heparanase regulates VEGF expression, and is associated with retinal neovascularization under hypoxic and hypoxia mimic conditions in vitro and in vivo. These results are consistent with our previous study, in which it was shown that heparanase and VEGF expression increased at the same time in diabetic retinopathy, which also was characterized by retinal neovascularization. 26 We also have shown that in streptozotocininduced diabetic rats, PI-88 can inhibit significantly retinal leukostasis, and decrease ICAM-1 and VEGF expression. 27 Together, our studies suggested a regulation role of heparanase upon VEGF in hypoxia-induced retinal diseases. 14, 28, 29 Previously, it has been shown that overexpression of heparanase in human embryonic kidney 293, MDA-MB-435 human breast cancer, and rat C6 glioma cells results in increased VEGF protein and mRNA levels, and correlates with increased tumor vascularity. 14, 15 It is interesting that VEGF also was located in the nucleus as well as in the cytoplasm of HERCs. The exact function of the nuclear VEGF still is not clear. It has been shown that nuclear localization of VEGF correlated with endothelial cell recovery in wounding in vitro. 30 Other research has suggested that nuclear localization of a long isoform of VEGF that is extended by an additional 180 amino acids, is associated with hypoxia and tumor angiogenesis. 31 Our findings are consistent with these previous studies. A recent study suggested that VEGFR2, the major mediator of the angiogenic effects of VEGF, translocated into the nucleus to regulate its own transcription. 32 The finding that VEGF mRNA, and the increase of VEGF protein in the nucleus of HRECs and the retina of OIR mice upon hypoxia indicates that VEGF also may act as a regulation element of transcription, which deserves to be investigated further.
In conclusion, we provided evidence that heparanase and VEGF are involved in retinal angiogenesis under hypoxic and hypoxia mimic conditions in vitro and in vivo. We showed that heparanase and VEGF are upregulated in hypoxia-induced retinal neovascularization, and inhibition of heparanase results in down-regulation of VEGF expression and less new vessels, suggesting a regulation role of heparanase on the VEGF expression. Heparanase may be a possible new therapeutic target for retinal diseases that are characterized with retinal hypoxia-ischemia, such as ROP.
